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Corresponding Authors: (Leung & Lee, 2016) ). This understanding has implications for fields ranging from 95 medicine to forensics to architecture. In addition to the millions of microbes that we carry around 96 each day, the majority of people on the planet now possess a cell phone. Previous work on the 97 microbiome associated with phones has shown that people share a much greater percentage of 98 their microbes with their own phone than with the phones of others (Meadow, Altrichter & 99 Green, 2014). As for the environment around us, shoes (or other foot coverings) act in some 100 ways as microbial sampling devices. We have previously described data suggesting this to be the 101 case, as well as demonstrated that the microbiome of cell phones and shoes from the same person 102 are quite distinct (Lax et al., 2015) . 106 Cultured isolates from these samples were screened and a subset of them were sent to the 107 International Space Station (ISS) for growth in microgravity (Coil et al., 2016) . As part of the 108 public outreach component of this project, we engaged the public in helping collect these swabs, 109 as well as in swabbing their cell phones and shoes for a nationwide microbial biogeography 110 study. Thousands of people participated in this project, and we initially collected ~3500 paired 111 cell phone/shoe samples. The intent of examining bacteria on cell phones and shoes was twofold; 112 firstly to scale up the results of previous studies on shoes and phones and to look for patterns in 113 the biogeography at a national scale. The second was to engage people in thinking about cell 114 phones as being a proxy for sampling the microbes found on a person and their shoes as being a 115 proxy for sampling the microbes found in a person's environment. However, given the logistical 116 constraints, disparate sampling sites/personnel, and Institutional Review Board (IRB) waiver 117 limitations, we were very constrained in what metadata we could collect. In the end, the only 118 information retained for each sample was the physical location (GPS coordinates), rough age of 119 participants, sample object type (cell phone or shoe), and event (basketball game, museum visit, 120 etc.). Swabs from these samples were sent back to the laboratory, DNA was extracted from them, 121 and the DNA was used for 16s rRNA gene PCR amplification and sequencing. 147 All datasets were prepared by following the DADA2 protocols (regular or big data, depending on 148 the size of the dataset) (Callahan et al., 2016a) . All four data sets were pre-processed separately, 149 and each lane of our large dataset was also pre-processed individually to account for error 150 patterns from different runs or machines. Reads longer than 150 base pairs (bp) were trimmed 151 down to 150 bp before processing with DADA2. Low quality regions of reads were removed by 152 trimming bases that did not satisfy a Q2 quality score. The reads were also trimmed down to a 153 length of 145 bp. Reads containing Ns were discarded and we used two expected errors to filter 154 the overall quality of the read (rather than averaging quality scores) (Edgar & Flyvbjerg, 2015) . 155 Only forward reads were considered for this study in order to have uniform data sets (since some 156 of the data sets only had forward reads). Error models were calculated using one million reads 157 for the three published data sets. Our samples were additionally separated into sequencing lanes.
158 Each lane was dereplicated individually according to the DADA2 "BigData" protocol to generate 159 amplicon sequence variants (ASVs). The ISS samples were pre-processed using the standard 160 workflow using all the reads available and dereplicating all the samples at the same time. All 161 seven sequence tables were merged to generate a single biom-like table for statistical analyses.
162 ASVs were assigned taxonomy using the dada2 function "assignTaxonomy" and the Silva (NR 164 taxonomically assigned to mitochondria or chloroplast were removed. We excluded the ASVs 165 not represented in 5% of our samples or those with "unidentified" Phyla assignments. Very 166 closely related ASVs were merged using both a phylogenetic tree based approach and the 167 taxonomic labels comparisons (tip_glom and tax_glom functions from phyloseq). Samples were 168 excluded if they did not contain at least one ASV after the filtering. Finally, the resulting ASV 169 table was selected for only those ASVs assigned to the bacterial kingdom using the subset_taxa 170 function. 240 was the most predictive of the observed community structure, followed by the geographic 241 location of the sample (Supplemental Figure 1) . The sport played at the venue where the sample 242 was collected is less predictive of the community structure than the sequencing run. Overall, 243 these results support and extend our previous findings that the microbiomes of shoes and phones 244 are distinct. Interestingly, the city where an event took place was more predictive of community 245 structure than state, suggesting the possibility that there are local biogeography effects in 246 patterning the microbial community. Further analysis of this large dataset may reveal more 247 detailed patterns, such as the influence of geographic location on microbial communities 248 249 250 To further examine the differences between cell phones and shoes we identified the centroids of 251 the two data spreads, after first removing all the data from previous studies (FIGURE 2). The 252 line in this figure represents the bisection of these two centroids, to highlight their separation. 253 We then used this bisection line to examine in more detail the taxa that contribute to the 254 separation of shoe and phone samples. 258 those ASVs to the top/left can be considered to be driving the "shoe" portion of the PCoA and 259 the ASVs to the bottom/right can be considered to drive the "phone" portion of the PCoA. These 260 plots (and the underlying data) show some interesting phyla-specific patterns. Some phyla (e.g., 261 Bacteroides and Firmicutes) have many ASVs on both sides of the line, indicating that there are 262 ASVs from these phyla that are biased towards shoes and others that are biased towards phones.
263
264 Two phyla (Tenericutes and Fusobacteria) contain only ASVs that are skewed towards phones. 265 We believe this is likely due to these ASVs being human associated taxa. For example, the 266 taxonomic assignments of the Fusobacteria ASVs were Leptotrichia (n=2) and Fusobacterium 267 (n=1); these two genera are generally found in animal microbiomes including the oral 268 microbiome of humans and other mammals. The two Tenericutes ASVs were both taxonomically 269 assigned to the Mycoplasma genus; many members of this genus are animal associated.
271
In contrast, there are many phyla (Acidobacteria, Cyanobacteria, Deinococcus-Thermus, 272 Planctomycetes, Fibrobacteres, Nitrospirae, Chloroflexi, Armatimonadetes, and 273 Gemmatimonadetes) which include only ASVs that are skewed towards shoes. We presume that 274 these ASVs from these phyla represent taxa from the broader environment (e.g., soil) that would 275 be picked up by shoes. Examination of the taxonomic assignments for these ASVs supports this 276 possibility, with genera assignments including taxa commonly found in water or soil such as One of the reasons we chose to sample cell phones and shoes is that they are such 283 commonplace objects used by so many people all around the world. The fact that they are so 284 commonplace makes them useful in the context of crowdsourcing and participatory 285 microbiology projects: many people have both of them, one can use them as a way to get people 286 to think about microbes hidden in the world around them, and they have potential for various 287 forensic types of analyses.
288
In relation to this, we examined how many (if any) of these microbes present in such 289 everyday objects were from any of the so-called "microbial dark matter" branches in the tree of 290 life. The term "microbial dark matter" or MDM for short is used in this context to refer to major 291 evolutionary lineages for which few or no representatives have ever been grown in the lab or 292 studied in detail (Rinke et al., 2013). To examine the MDM in these samples, we examined the 293 taxonomic annotation of ASVs and identified those that were assigned to phyla or candidate 294 phyla that are generally viewed as MDM lineages. The phyla we focused on were:
295 Aegiribacteria, AncK6, Armatimonadetes, Atribacteria, BRC1, Caldiserica, Calditrichaeota, 296 Chrysiogenetes, Cloacimonetes, Coprothermobacteraeota, Dadabacteria, Dependentiae, 297 Diapherotrites, Edwardsbacteria, Elusimicrobia, Entotheonellaeota, Fervidibacteria, FCPU426, 298 GAL15, Hydrogenedentes, Latescibacteria, Margulisbacteria, Nanoarchaeaeota, Nitrospinae, 299 Omnitrophicaeota, Patescibacteria, PAUC34f, Rokubacteria, RsaHf231, WOR-1, WPS-2, WS1, 300 WS2, WS4, and Zixibacteria. We also then examined the distribution patterns of these ASVs 301 across samples and the whether they showed any skew between phones and shoes (Supplemental 302 Table 1) .
303
This analysis of ASVs assigned to MDM lineages revealed that in fact quite a large 304 number of ASVs found in our study were from such MDM groups. In some cases, these ASVs 305 assigned to these groups are quite rare -for example ASVs from WOR-1, Edwardsbacteria and 306 Diapherotrites was found to be present in one sample each. However, some were present in a 307 much wider range of samples, and we focused most of our attention on those. Of the nine MDM 308 phyla for which ASVs were found to be present in at least 10% of samples (Armatimonadetes, 309 Patescibacteriam, WPS-2, Entotheonellaeota, Dependentiae, BRC1, Rokubacteria, 310 Latescibacteria, Elusimicrobia), all were found more often in shoe samples than phone samples.
311 This is not surprising given that (1) phone samples tend to be enriched for human associated 312 microbes, only a few of which are in current MDM groups and (2) many MDM lineages are 313 known to be found in soil, which is presumably abundant on shoes. Two of these widespread 314 MDM phyla (Armatimonadetes, Patescibacteriam) were found to have ASVs present in almost 315 50% of samples. Twelve classes and thirteen orders were found to be present in more than 10% 316 of samples. Of these, all were skewed towards shoe samples except two taxa (Gracilibacteria 317 within Patescibacteria, and Absconditabacteriales within Gracilibacteria).
318
Overall these results show that though MDM is frequently portrayed as mostly coming 319 from remote, isolated, or extreme environments, a remarkable fraction of people are traveling 320 around with representatives from these groups on commonplace objects. 324 These data support previous work by ourselves and others demonstrating that the microbiome of 325 cell phones and shoes are distinct, even when belonging to the same person. In this analysis, we 326 also highlight which phyla are most responsible for the observed differences in microbial 327 communities between phones and shoes. This difference is driven largely by the presence of 328 "environmental" taxa (taxa from groups that tend to be found in places like soil) on shoes and 329 human-associated taxa (taxa from groups that are abundant in the human microbiome) on 330 phones. Lastly, we show that a number of "microbial dark matter" taxa are present, even 331 abundant, on these commonplace objects. Principal coordinate (PCoA) plot of the ASVs for Phyla identified from this study. 
